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Germ cells, the cells that give rise to sperm and egg,
maintain the potential to recreate all cell types in
a new individual. This wide developmental potential,
or totipotency, is manifested in unusual tumors called
teratomas, inwhich germcells undergo somatic differ-
entiation. Although recent studies have implicated
RNA regulation, themechanism that normally prevents
the loss of germ cell identity remains unexplained. In
C. elegans, a teratoma is induced in the absence of
the conserved RNA-binding protein GLD-1. Here,
we demonstrate that GLD-1 represses translation of
CYE-1/cyclin E during meiotic prophase, which
prevents germ cells from re-entering mitosis and
inducing embryonic-like transcription. We describe
a mechanism that prevents precocious mitosis in
germ cells undergoing meiosis, propose that this
mechanism maintains germ cell identity by delaying
theonset of embryonic gene activation until after fertil-
ization, and provide a paradigm for the possible origin
of human teratomas.
INTRODUCTION
The production of eggs and sperm involves a special cell divi-
sion, meiosis, which produces haploid cells from diploid precur-
sors. Simple eukaryotes undergoing meiosis, such as budding
yeast, can revert to mitosis without completing meiotic division
as late as after recombination (Esposito, 2006; Simchen, 2009).
However, such flexibility could lead to cancer in organisms
whose gametes develop within a specialized organ, the gonad,
in which the consecutive stages of germ cell development (prolif-
eration, meiosis, and differentiation into the gametes) occupy
distinct compartments. In such organisms, surprisingly little is
known about how re-entry into mitosis is inhibited once cells
have started meiosis. During Drosophila oogenesis, the re-entry
into mitosis is prevented, at least in part, through translational
repression of cyclin A by the RRM-type RNA-binding protein
Bruno (Sugimura and Lilly, 2006). During C. elegans oogenesis,
the re-entry into mitosis is prevented by an unrelated, maxi-KH,DevelopmeRNA-binding protein GLD-1 (Francis et al., 1995), which belongs
to the STAR (signal transduction and activation of RNA) protein
family that includes mammalian Quaking and Sam68 (Vernet
and Artzt, 1997).
Remarkably, some germ cells in the gld-1mutant differentiate
into various somatic cells, bypassing the normal program of
oocyte formation and fertilization (Figure 1) (Ciosk et al., 2006).
This phenotype, referred to as the worm teratoma, is enhanced
by the loss of another conserved RNA-binding protein, MEX-3
(Ciosk et al., 2006). Because GLD-1 functions as a translational
repressor (for example, Lee and Schedl, 2001; Marin and Evans,
2003; Schumacher et al., 2005), abnormal expression of its
target mRNA(s) in a GLD-1() germ line is predicted to cause
re-entry into mitosis and teratomatous differentiation. However,
the identity of mRNA(s) whose repression is critical to prevent
mitosis, and the relation between the cell cycle and the loss of
germ cell identity, remains unclear.
In this study, we show that GLD-1 controls the cell cycle, at
least in part, by translational repression of cye-1/cyclin E
mRNA. In the gld-1 mutant, derepression of CYE-1 results in
ectopic activation of CYE-1/CDK-2, which promotes a preco-
cious entry into the M phase of the cell cycle, consequently
inducing a germline tumor. Remarkably, we find that the reacti-
vation of the cell cycle leads to transcriptional activation of
genes that are normally expressed only in the early embryo.
These findings suggest that preventing mitosis during meiotic
prophase is crucial not only for tumor suppression but also for
maintenance of germ cell identity.
RESULTS
The C. elegans gonad contains proliferating stem cells in the
distal-most region and cells at consecutive stages of meiotic
prophase more proximally (Figure 1) (Seydoux and Schedl,
2001). The medial region of a wild-type gonad consists largely
of germ cells at the pachytene stage of meiosis. In adults,
germ cells in the proximal gonad differentiate into oocytes, which
remain arrested at diakinesis of meiotic prophase until fertiliza-
tion. This orderly progression between developmental stages
is disrupted in the gld-1 mutant that harbors a germline tumor
(Francis et al., 1995). Proximally, the tumor consists mostly of
undifferentiated germ cells. Additionally, variable numbers of
ectopic (teratomatous) somatic cells are typically sandwichedntal Cell 17, 355–364, September 15, 2009 ª2009 Elsevier Inc. 355
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Repression of Cyclin E Maintains Germ Cell Identitybetween the meiotic cells (distally) and the undifferentiated
tumor (proximally) (Ciosk et al., 2006). For the purpose of this
paper, we refer to this region as the ‘‘central gonad’’ (Figure 1).
Reversal to Mitosis in GLD-1() Germ Cells
To understand the origin of teratomatous cells, we examined the
central gonads of gld-1(q485); fem-1(hc17) animals in a time
course experiment. The feminizing fem-1(hc17) background
was used to eliminate spermatogenesis (Nelson et al., 1978),
ensuring that the ectopic somatic cells are due to teratomatous
differentiation and not abnormal fertilization. We first monitored
the cell cycle status of germ cells. We followed chromosome
condensation by both DAPI staining and histone H3 phosphory-
lation on serine 10 (PH3) (Hsu et al., 2000), and DNA replication
by BrdU incorporation. Additionally, we monitored the assembly
of microtubule spindles in a gld-1; fem-1 strain expressing GFP-
tagged b-tubulin. We found that in young gld-1; fem-1 adults,
cells in the central gonads were still meiotic; these cells ex-
pressed the synaptonemal complex component HIM-3 (Zetka
et al., 1999) (see Figure S2B available online) and displayed no
PH3 modification, incorporation of BrdU, or spindle formation
(Figure 2A; data not shown). In contrast, starting from 0.5–0.75
days after the L4/adult molt, many cells in the central gld-1;
fem-1 gonads contained condensed chromosomes or initiated
DNA replication (Figure 2A). In the gld-1; fem-1 strain expressing
GFP-tagged b-tubulin (which somewhat delays re-entry into the
cell cycle), we found that many cells with the highly condensed
‘‘bar-like’’ chromosomes also assembled microtubule spindles
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Figure 1. GLD-1 Prevents Re-Entry into Mitosis and Teratomatous
Differentiation of Germ Cells
‘‘Distal-most,’’ ‘‘medial,’’ and ‘‘proximal-most’’ indicate parts of a wild-type
adult gonad. ‘‘Central’’ indicates the region that typically contains ectopic
somatic (teratomatous) cells in a gld-1 or gld-1 mex-3 gonad. Asterisks here
and in the following figures indicate the distal-most gonad.356 Developmental Cell 17, 355–364, September 15, 2009 ª2009 EA
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Figure 2. The Role of GLD-1 as a Germline Tumor Suppressor May
Involve Translational Regulation of Cyclins E and B
(A) The timing of the meiosis-to-mitosis transition in the central gonad of gld-1;
fem-1 animals. The numbers indicate themean of nuclei per central gonad that
either stained for the histone H3 phosphorylation on serine 10 (PH3), or (in an
independent experiment) incorporated BrdU; 7–62 and 10–32 gonads were
counted for PH3 and BrdU, respectively. Error bars indicate SEM.
(B) Germ cells in the central gld-1; fem-1 gonad enter the M phase of the cell
cycle. The left panel shows a partial gonad from a 1-day-old adult stained by
DAPI (DNA). Arrowheads mark nuclei with highly condensed, bar-like chromo-
somes. The boxed area, magnified on the right, shows PH3 (red) and GFP-
tagged b-tubulin (Tub, green). Scale bar: 10 mm.
(C) GLD-1 immunoprecipitation. Extracts from worms expressing either the
endogenous (nontagged) GLD-1, or a rescuing GFP-FLAG-tagged GLD-1,
were subjected to immunoprecipitation with FLAG antibodies. The western blot
showsGLD-1::GFP::FLAGprotein levels in the total extracts (TE), FLAG-depleted
extracts (DE), and FLAG-immunoprecipitates (IP). *Degradation product.
(D) GLD-1 associates with mRNAs encoding cyclins E and B. Enrichment of
each mRNA in the GLD-1-containing versus GLD-1-missing (mock) immuno-
precipitate was determined by quantitative RT-PCR. Each bar represents the
mean of three experiments, and the error bars are SEM. ama-1 and act-1 are
negative controls, and rme-2 and pal-1 are known GLD-1 targets. *CYH-1
role in the cell cycle is unclear.lsevier Inc.
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Repression of Cyclin E Maintains Germ Cell Identity(Figure 2B). Two lines of evidence suggest that chromosome
condensation preceded DNA replication. First, we noticed that
although the number of bar-like chromosomes in gld-1; fem-1
germ cells was typically greater than in wild-type oocytes (which
until fertilization maintain 6 bivalents), we never observed more
than 12 individual chromosomes (Figures 2B and 3D). This
suggests defective homolog pairing but not reduplication of
DNA. Second, at the time of initial re-entry into mitosis (in 0.5-
day-old animals), 13/21 gld-1; fem-1 gonads that contained
nuclei with the condensed chromosomes displayed no BrdU
incorporation, while 7/8 gonads that did incorporate BrdU also
contained nuclei with condensed chromosomes. Thus, gld-1;
fem-1 germ cells in the central gonad appear to exit meiosis
through an abnormal nuclear division, hereafter referred to as
the 1st M phase, without a prior DNA rereplication.
GLD-1AssociateswithmRNAsEncodingCyclins E andB
BecauseGLD-1 is known to function as a translational repressor,
we asked if GLD-1 regulates the cell cycle by repressing transla-
tion of key cell cycle regulators: cyclins and cyclin-dependent
kinases. To address this, extracts from either wild-type or trans-
genic worms that expressed a rescuing FLAG and GFP-tagged
GLD-1 (Schumacher et al., 2005) were subjected to immunopre-
cipitation with anti-FLAG antibodies (Figure 2C). Abundance of
mRNAs that coprecipitated with GLD-1 was determined by
quantitative RT-PCR. We found that mRNAs encoding cyclin E
(cye-1) and three B-type cyclins (cyb-2.1, cyb-2.2, and cyb-3)
were strongly enriched in the IPs from the transgenic worm
extracts, when compared to IPs from the wild-type extracts
(Figure 2D). To eliminate any experimental bias from comparing
IPs between different strains, extracts from the transgenic
worms were also subjected to immunoprecipitation with either
FLAG or MYC antibodies (Figure S1A). As above, cye-1, cyb-2.1,
cyb-2.2, and cyb-3 mRNAs were enriched in the anti-FLAG IPs
when compared with the anti-MYC IPs (Figure S1B). These
results suggest that GLD-1 may repress translation of cyclins
E and B.
CYE-1/CDK-2 Promotes the Meiosis-to-Mitosis
Transition in gld-1 Germ Cells
Cyclins E and B regulate cyclin-dependent kinases Cdk2 and
Cdk1, respectively (Boxem, 2006). Thus, ectopic translation of
these cyclins in the gld-1mutant may result in ectopic activation
of CDK-2 and CDK-1. To test the relative importance of CDK-2
and CDK-1 for the 1st M phase, we depleted CDK-2 by
RNAi, or inactivated CDK-1 by a temperature-sensitive allele
(ne2254), in the gld-1; fem-1 animals expressing GFP-tagged
b-tubulin. While the central gonad of a 1-day-old gld-1; fem-1
animal (n = 22) contained on average 5 (±1) PH3-positive nuclei
and 3 (±0.5) cells with spindles (Figure 2B), a comparable gld-1;
cdk-2(RNAi); fem-1 gonad (n = 35) contained 1 (±0.4) PH3-posi-
tive nuclei and 0.5 (±0.1) cells with spindles (Figure 3A). This
suggests that CDK-2 promotes the 1st M phase. To test if this
role of CDK-2 requires CYE-1/cyclin E, we examined gld-1;
cye-1(RNAi); fem-1 gonads (n = 30) and found that they con-
tained only 0.1 (±0.1) PH3-positive nuclei and 0.2 (±0.1) cells
with spindles (Figure 3B). Thus, similar to CDK-2, CYE-1
promotes re-entry into mitosis. This became even more striking
in older gld-1; cye-1(RNAi); fem-1 gonads, in which the wholeDevelopmecentral part was filled with large, arrested, meiotic-like cells,
with no evidence of mitotic chromosome condensation, spindle
formation, DNA replication, or cell death (Figure S3; data not
shown). Importantly, cye-1 RNAi (under conditions used in this
study) did not appear to affect the initial proliferation and entry
into meiosis in gld-1; fem-1 gonads (Figures S2A–S2C).
To examine the effect of CDK-1 inactivation, we analyzed the
central gonads of 1-day-old gld-1; fem-1 (n = 18) and gld-1;
cdk-1; fem-1 (n = 21) animals that were shifted to the restrictive
temperature for cdk-1(ne2254). We found that inactivation of
CDK-1 only moderately affected the 1st M phase, as the gonads
contained, respectively, 24 (±2.5) versus 11 (±1.6) PH3-positive
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Figure 3. CYE-1 and CDK-2 Drive Re-Entry into Mitosis in gld-1
Germ Cells
(A–C) CYE-1 and CDK-2, but not CDK-1, are essential for chromosome
condensation and spindle assembly in the central gld-1; fem-1 gonad. Shown
are deconvolved fluorescence micrographs obtained from 1-day-old adults.
The left panels show partial gonads stained by DAPI (DNA). The boxed areas,
magnified on the right, show PH3 (red) and GFP-tagged b-tubulin (Tub, green).
Scale bars: 10 mm.
(D) CYE-1 promotes centrosome ‘‘duplication’’ in gld-1; fem-1 germ cells.
Shown are maximum intensity projections of deconvolved fluorescence
micrographs. The gonads were stained with DAPI (DNA, red) and for the
constitutive centrosome component SPD-2 (green). In the gld-1; cye-
1(RNAi); fem-1 germ cells centrosome duplication is inhibited. Arrowheads
point to some SPD-2-stained centrosomes. Each dotted circle demarcates
a single nucleus. Scale bars: 5 mm.ntal Cell 17, 355–364, September 15, 2009 ª2009 Elsevier Inc. 357
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Repression of Cyclin E Maintains Germ Cell Identitycells and 20 (±2.4) versus 8 (±1.2) cells with spindles (Figure 3C;
data not shown). While these results do not exclude a potential
role for CDK-1 in the exit from the M phase and/or subsequent
proliferation, they suggest that CDK-1 is not critical for entry
into the 1st M phase.
In somatic cells, a typical mitotic spindle is organized by
centrosomes, whose assembly depends on cyclin E/Cdk2
(Cowan and Hyman, 2006; Tsou and Stearns, 2006). However,
during C. elegans meiosis, centrosomes are eliminated around
diakinesis, so assembly of the meiotic spindle is independent
of centrosomes (Albertson and Thomson, 1993). To determine
if centrosomes are present during the 1st M phase, we stained
the gonads for the constitutive centrosomal component SPD-2
(Kemp et al., 2004). Most (92%; n = 60) gld-1; fem-1 cells with
the condensed bar-like chromosomes contained two centro-
somes (Figure 3D). In contrast, gld-1; cye-1(RNAi); fem-1 cells
(96%; n = 383) contained only a single SPD-2-stained centro-
some (Figure 3D). This was similar to gld-1; fem-1 germ cells in
which chromosomes have not yet condensed (97%; n = 305)
(Figure 3D), or to wild-type pachytene and diplotene germ cells
(data not shown). Thus, CYE-1 (and presumably CDK-2)
promotes centrosome duplication and/or separation, and
mitotic-like spindle assembly during the 1st M phase. Together,
our findings suggest that CYE-1/CDK-2 activity drives entry
into the 1st M phase in the central gonad.
Repression of CYE-1 in the Central Gonad Requires
GLD-1
To test if GLD-1 binding to cye-1mRNA prevents CYE-1 expres-
sion in the wild-type germ line, we first analyzed gonadal expres-
sion of CYE-1. We confirmed a previous report that CYE-1 is
expressed in the distal-most and proximal gonad, but is not ex-
pressed in the medial gonad that contains GLD-1 (Figure 4A)
(Brodigan et al., 2003). We found that this medial repression
depends on GLD-1, as CYE-1 was no longer repressed in gld-1
mutants or gld-1 RNAi knocked-down animals (Figure S4A;
Figure 4A). Importantly, in wild-type gonads CYE-1 is never
detected in the leptotene/zygotene and early pachytene nuclei.
In contrast, such nuclei were beginning to express CYE-1 in
gld-1(RNAi) gonads (Figures 4A and 4B). Because the loss of
GLD-1 did not cause an increase in cye-1 mRNA levels (Fig-
ure S4B), these results suggest that GLD-1 mediates repression
of cye-1 mRNA translation.
GLD-1 Associates with the 30UTR of cye-1 mRNA
through GLD-1-Binding Elements
To test if this repression is mediated by GLD-1 binding to cye-1
mRNA, we tested whether the rescuing FLAG and GFP-tagged
GLD-1 (for simplicity GLD-1) copurified with in vitro produced
cye-1 mRNA added to a worm extract. Indeed, we found that
GLD-1 copurified with the complete cye-1 mRNA or its 30UTR,
but not with the equimolar amounts of 50UTR, the coding
sequence, or the antisense 30UTR (Figure 5A). These results
suggest that GLD-1 associates with the cye-1 mRNA via its
30UTR. To identify the RNA elements responsible for GLD-1
binding, we divided the 30UTR into four fragments (F1–F4; Exper-
imental Procedures), and tested their binding to GLD-1. Two
fragments, F1 and F3, were found to associate with GLD-1
(Figure 5B). Previous studies showed that recombinant GLD-1358 Developmental Cell 17, 355–364, September 15, 2009 ª2009 Elcan bind the UACU(C/A)A sequence (Ryder et al., 2004). We
noticed that an identical sequence (S3) is present in the F3 frag-
ment, and that fragments F1 and F3 each contain an additional,
related sequence (S1 and S2, respectively; Figure 5C; Experi-
mental Procedures). To test if these sequences are involved in
GLD-1 binding, we mutated sequence S1 (to S1mt) and deleted
both S2 and S3 (DS2-3). We found that the DS2-3 deletion
strongly reduced GLD-1 binding and that residual binding was
further reduced by the S1mt mutation (Figure 5C). We conclude
that GLD-1 binds the cye-1 30UTR and that this association likely
involves the putative GLD-1-binding elements.
GLD-1-Binding Elements in the cye-1 30UTR Confer
Repression on a GFP Reporter
To ensure that the cye-1 30UTR is required for translational
repression in vivo, we created transgenic strains expressing in
the germ line a GFP-tagged reporter, whose coding sequence
was fused to different 30UTRs. We found that the cye-1 30UTR,
but not the control tbb-2 (tubulin) 30UTR, caused repression in
the medial gonad (Figures 5D and 5E). Importantly, this repres-
sion was eliminated when the reporter was fused to the mutated
cye-1 30UTR (S1mt DS2-3) that no longer bound GLD-1 and in
gld-1(RNAi) animals (Figure 5F; Figure S4C). These results
suggest that GLD-1 represses cye-1 mRNA translation, which
presumably prevents CDK-2 activation.
TZ/PTZ P
wild-type gld-1(RNAi)
*
*
gld-1(RNAi)
wild-type
CYE-1
TZ P TZ/P
B
E-1
DNA DNA
CYE-1 CYE-1
A
Figure 4. GLD-1 Represses Expression of CYE-1
(A) Micrographs show gonads (outlined), dissected from 1-day-old wild-type
adults that were subjected to either mock or gld-1 RNAi. The gonads were
immunostained for CYE-1. Note that in the gld-1(RNAi) gonad GLD-1 was
knocked down to the level that caused derepression of CYE-1 but not ectopic
proliferation. Scale bar: 20 mm.
(B) Magnification of germ cells, from (A), which are in the early (transition zone
[TZ]) and later (pachytene [P]) stages of meiotic prophase. Arrowheads point to
TZ nuclei (with the crescent-shaped DNA) that either do not (wild-type) or do
(gld-1 RNAi) express CYE-1. Scale bars: 20 mm.sevier Inc.
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Figure 5. GLD-1 Binding to the 30UTR of cye-1 mRNA Results in Its
Translational Repression
A–C show western blots of GLD-1::GFP::FLAG coprecipitated with biotiny-
lated RNA. D–F show micrographs of wild-type gonads (outlined) from live
transgenic worms expressing aGFP-tagged reporter, whose coding sequence
was fused to different 30UTRs.
(A) GLD-1 associates with the 30UTR of cye-1 mRNA. GLD-1 association is
mediated by the sense, but not antisense (AS), 30UTR. ‘‘Complete’’ indicates
50UTR + coding sequence + 30UTR.
(B) Two fragments within the cye-1 30UTR, F1 and F3 (Experimental Proce-
dures), are responsible for association with GLD-1.
(C) Putative GLD-1-binding sites (S1 and S2–S3; the higher the rectangle the
better similarity to the putative GLD-1 binding sequence) in fragments F1
and F3 are required for GLD-1 binding. Deletion of sites S2–S3 (DS2-3)DevelopmCYE-1 Is Required for Teratoma Formation
Finally, to determine if derepression of CYE-1/CDK-2 activity in
the gld-1mutant is important for teratoma formation, we stained
gonads for muscle myosin and UNC-10 (a component of the
postsynaptic vesicles) to detect muscles and neurons, respec-
tively (Koushika et al., 2001; Priess and Thomson, 1987). As
expected, we found that most 1.75-day-old gld-1; fem-1 gonads
(84%; n = 19) contained ectopic muscles and/or neurons (Fig-
ure 6A). In contrast, very few gld-1; cye-1(RNAi); fem-1 gonads
(5%; n = 22) contained any muscles or neurons (Figure 6A). We
also tested expression of HLH-1/MyoD, which in the embryo is
expressed early in the muscle-specification pathway (Krause
et al., 1990). We found that, similar to the terminal markers,
expression of HLH-1 depended on CYE-1 (Figure 6B). While,
on average, a 1.75-day-old mock-treated gonad (n = 18) con-
tained 10.4 (±3.2) HLH-1-positive nuclei, a cye-1 RNAi-treated
gonad (n = 15) had 0.3 (±0.3) such nuclei.
Previously, germ cells destined to undergo teratomatous
differentiation were shown to lose germ line-specific RNA/
protein structures called P granules (Ciosk et al., 2006). To test
if CYE-1 is required for the loss of P granules, we examined
the central gonads for expression of the constitutive P granule
component PGL-1 (Kawasaki et al., 1998). Consistent with
previous results, we found that PGL-1 was diminished in most
cells in the central gld-1; fem-1 gonad. In contrast, most if not
all gld-1; cye-1(RNAi); fem-1 cells continued to express PGL-1,
which (similar to wild-type P granules) was enriched in perinu-
clear speckles (Figure 6C). At least one additional germ line-
expressed protein, the yolk receptor RME-2, was expressed
in the gld-1; cye-1(RNAi); fem-1 cells, but was diminished in
gld-1; fem-1 cells (data not shown). These results suggest that
CYE-1/CDK-2 activity is required for the loss of germ cell charac-
teristics and teratoma formation.
Re-Entry into Mitosis Results in a Precocious
Onset of Embryonic Gene Activation
Acquisition of a non-germ line identity in the early embryo isman-
ifested by the onset of embryonic gene activation (EGA). In
worms, EGA is characterized by transcription of several very
early transcripts, such as vet-1, vet-4, and vet-6 (Seydoux
et al., 1996). To test if the loss of germ cell identity is accompa-
nied by a precocious onset of EGA, we compared, by quantita-
tive RT-PCR, the levels of vet-1, vet-4, and vet-6 mRNAs in
gonads dissected from 0.5-day-old or 1.5-day-old, gld-1; fem-1
and gld-1; cye-1(RNAi); fem-1 animals. We found that the gld-1;
fem-1 gonads from 1.5-day-old animals had much higher levels
of vet-1, -4, and -6, than the comparable gld-1; cye-1(RNAi);
fem-1 gonads (Figure 7A). This enrichment correlated with
re-entry into mitosis, as the gonads from 0.5-day-old gld-1;
fem-1 and gld-1; cye-1(RNAi); fem-1 animals contained similar
strongly reduced GLD-1 binding, and the residual binding was further reduced
by a mutation in S1 (S1mt+DS2-3). ‘‘WT’’ indicates the wild-type cye-1 30UTR.
(D) The tbb-2 (tubulin) 30UTR fused to the GFP::H2B allowed reporter expres-
sion throughout the gonad.
(E) The cye-1 30UTR conferred translational repression on the GFP::H2B
reporter in the medial gonad.
(F) The S1mt+DS2-3 cye-1 30UTR (which did not bind GLD-1 in vitro) no longer
conferred translational repressionon theGFP::H2B reporter. Scalebars: 20mm.ental Cell 17, 355–364, September 15, 2009 ª2009 Elsevier Inc. 359
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suggest that gld-1 germ cells express at least somemRNAs nor-
mally transcribed in the early embryo, and that their transcription
depends on CYE-1 activity.
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Figure 6. CYE-1 Promotes the Loss of Germ Cell Identity and Tera-
toma Formation in gld-1 Gonads
(A) Differentiation into muscles and neurons in a teratoma requires CYE-1.
Shown are maximum intensity projections of gld-1; fem-1 gonads (outlined)
from 1.75-day-old animals subjected to mock (lower) or cye-1 (upper) RNAi.
The gonads were stained with antibodies to visualize muscle myosin (red)
and neuronal postsynaptic vesicles (green). Solid lines (also in C) indicate
where the images were cropped to facilitate the alignment. Scale bar: 15 mm.
(B) Early steps of muscle differentiation in a teratoma require CYE-1. Shown
are partial gld-1; fem-1 gonads (outlined) from 1.75-day-old animals subjected
to mock or cye-1 RNAi. The gonads were stained with DAPI (DNA) and anti-
body against HLH-1/MyoD. Notice that HLH-1 was expressed in small, post-
meiotic gld-1; fem-1 nuclei; these nuclei were false-colored on the left panel.
Scale bars: 20 mm.
(C)CYE-1promotes the lossof germ line-specificRNP (P)granules in thecentral
gld-1; fem-1 gonad. Shown are 1.5-day-old central gonads, subjected tomock
(lower) or cye-1 (upper) RNAi, that were stained with antibody to visualize
PGL-1, a constitutive component of P granules. Notice that PGL-1 was dimin-
ished inmostcells in thecentralgld-1; fem-1gonad,but continued tobepresent
in the same region in thegld-1; cye-1(RNAi); fem-1gonad.Thecirculardrawings
within the boxed areas indicate nuclei. The boxed areas are magnified on the
right. Arrowhead points to a perinuclear P granule. Scale bar: 20 mm.360 Developmental Cell 17, 355–364, September 15, 2009 ª2009 EIf the onset of embryonic-like transcription is related to teratoma
formation, the embryonic transcripts are expected to be present in
thecentral gonad. To test this,weperformed in situ hybridization to
detectvet-4mRNA.Wedetected robustexpressionofvet-4mRNA
in 1.5-day-old (100%; n = 48), but not 0.5-day-old (18%; n = 28),
gld-1; fem-1 gonads (Figure 7B; data not shown). Remarkably,
vet-4 was expressed mostly in the central gonad, where CYE-1
drives re-entry into mitosis and teratoma formation. In agreement
with the quantitative RT-PCR data, we found that the vet-4 signal
was either absent or strongly reduced in the 1.5-day-old gld-1;
cye-1(RNAi); fem-1 gonads (only 12.5% of the gonads had vet-4
expression and in very few cells; n = 64) (Figure 7B). These results
suggest that the abnormal EGA is due either to the CYE-1-depen-
dent re-entry intomitosis, or subsequent proliferation in the tumor.
To distinguish between these two possibilities, gld-1; fem-1
animals were subjected to RNAi-mediated depletion of a DNA
replication-licensing factor, CDT-1 (Zhong et al., 2003). This
depletion (under conditions used here) had no obvious effect
on the initial proliferation of germline stem cells, or entry into
meiosis, in gld-1; fem-1 gonads (Figure S5). Consistent with the
finding that the 1st M phase occurs without prior DNA rereplica-
tion (this study), CDT-1 depletion did not prevent re-entry into
mitosis, as the central gld-1; cdt-1(RNAi); fem-1 gonads con-
tained many PH3-positive cells (Figure 7C). However, consistent
with a role of CDT-1 in DNA replication, these gonads displayed
no BrdU incorporation (Figure 7C) and, consequently, contained
similar numbers of cells as the gld-1; cye-1(RNAi); fem-1 gonads
(Figure 7C). Importantly, by quantitative RT-PCR, the CDT-
1-depleted gld-1; fem-1 gonads (in which cells arrested after
re-entry into mitosis) contained much higher levels of vet-1, -4,
and -6 mRNAs than the CYE-1-depleted gld-1; fem-1 gonads
(in which cells arrested before re-entry into mitosis) (Figure 7D).
Consistently, 93% (n = 123) of the CDT-1 depleted gld-1; fem-1
gonads showed robust expression of vet-4, in contrast to only
21% (n = 112) of CYE-1-depleted gld-1; fem-1 gonads that
showed much weaker vet-4 expression (Figure 7E). Together,
these results suggest that the switch in germ cell identity, as
detected by the abnormal EGA, is driven by re-entry into mitosis.
A Model for Teratoma Formation
Our results suggest that derepression of CYE-1/CDK-2 activity
during progression through meiosis results in re-entry into
mitosis and a precocious onset of EGA. Previously, differentia-
tion into muscles in a worm teratoma was shown to depend on
the maternal transcription factor PAL-1/Caudal (Ciosk et al.,
2006), whose translation in the wild-type germ line is repressed
by GLD-1 (Mootz et al., 2004). However, PAL-1 is occasionally
expressed in a wild-type germ line but is apparently insufficient
to induce muscle differentiation (Mootz et al., 2004). Thus, we
propose that the acquisition of embryonic-like identity, mani-
fested by the onset of EGA, is required for somatic fate determi-
nants, including but not limited to PAL-1, to induce teratomatous
differentiation into various somatic cell types (Figure 7F).
DISCUSSION
Cyclin E/Cdk2 and the Meiosis/Mitosis Decision
Our findings demonstrate that a tight regulation of CDK-2 activity
is critical for normal progression throughmeiosis. This regulationlsevier Inc.
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Figure 7. The Re-Entry into Mitosis
Promotes a Precocious Onset of Embryonic
Gene Activation
(A) Three mRNAs, vet-1, vet-4, and vet-6, which
are normally expressed in the early embryo, are
expressed in gld-1; fem-1 but not gld-1; cye-
1(RNAi); fem-1 gonads. The graph shows relative
amounts of mRNAs, determined by quantitative
RT-PCR, found in 0.5- or 1.5-day-old gld-1; fem-1
gonads subjected to either mock or cye-1 RNAi.
The levels were normalized to the values obtained
from the 1.5-day-old gld-1; fem-1, mock RNAi
gonads. Each bar represents the mean of three
independent biological replicates, and the error
bars represent SEM.
(B) vet-4 mRNA is expressed in the central
gld-1; fem-1 gonad and this expression depends
on CYE-1. Shown are light micrographs of gld-1;
fem-1 gonads from 1.5-day-old animals sub-
jected to either mock or cye-1 RNAi. The
gonads were hybridized with antisense (AS) or
sense (S) probes for the vet-4 mRNA. Scale
bar: 20 mm.
(C) Depletion of CDT-1 arrests tumor formation
in the central gonad after the 1st M phase. The
values correspond to the mean number of cells
(±SEM) that, in the central gonads of CYE-1- or
CDT-1-depleted 1.5-day-old gld-1; fem-1 animals, displayed PH3 modification or incorporated BrdU. ‘‘Total’’ cell numbers were determined as explained in
Experimental Procedures.
(D) vet-1, vet-4, and vet-6 are expressed in gld-1; cdt-1(RNAi); fem-1 but not gld-1; cye-1(RNAi); fem-1 gonads. The graph shows relative amounts of
indicated mRNAs in 1.5-day-old gld-1; fem-1 gonads subjected to either cdt-1 or cye-1 RNAi. Levels were normalized to the cdt-1 RNAi values. Each
bar represents the mean of four independent biological replicates, and error bars show SEM.
(E) The vet-4 mRNA is expressed in the central gld-1; cdt-1(RNAi); fem-1 gonad. Shown are light micrographs of gld-1; fem-1 gonads from 1.5-day-old
animals subjected to either cye-1 or cdt-1 RNAi. The gonads were hybridized with an antisense probe to the vet-4 mRNA. Scale bar: 20 mm.
(F) A model for GLD-1 in maintaining germ cell identity. Solid lines represent events in the wild-type germ line, dotted lines events in the gld-1 mutant.
During meiotic prophase, GLD-1 represses expression of CYE-1 and the somatic cell fate determinant PAL-1/Caudal. The loss of GLD-1 results in ectopic
activation of CYE-1/CDK-2 that, through unknown targets, promotes the entry into mitosis and premature onset of embryonic-like transcription. This may
allow a maternally provided fate determinant like PAL-1, and potentially additional determinants expressed during the abnormal EGA, to direct differenti-
ation into various somatic cell types.is achieved, at least in part, through the repression of cyclin E
translation. This finding is superficially reminiscent of the mech-
anism reported in flies, where repression of a G2/M phase cyclin
(cyclin A) by Bruno has been implicated in preventing germline
tumor formation (Sugimura and Lilly, 2006). However, GLD-1 is
unrelated to Bruno, and, while GLD-1 binds to andmight regulate
expression of mRNAs encoding B-type cyclins (this study), it is
CDK-2, rather than CDK-1, activity that appears to be primarily
responsible for driving mitosis in gld-1 germ cells destined to
form a teratoma. Thus, although translational repression of cy-
clins appears to be a conserved feature of the meiotic prophase,
there appear to be important species-specific differences. It is
possible that the regulation of cyclin E in flies is different
because, unlike in worms and mammals, the fly germ line
contains nurse cells whose endoreplication requires cyclin E
expression (Lilly and Duronio, 2005).
An unresolved issue is precisely how ectopic activation of
CYE-1/CDK-2 triggers the 1st M phase. Because CYE-1/CDK-2
can facilitate assembly of centrosomes (Cowan and Hyman,
2006), and centrosomes have been implicated in advancing
the timing of mitotic entry, one possibility is that a recruitment
and/or stabilization of centrosomal proteins might induce the
M phase, for example through the recruitment of the Aurora A
kinase AIR-1 (Hachet et al., 2007; Portier et al., 2007). AccordingDevelopmento this model, the regulation of centrosome biology may play
a major role in the mitosis/meiosis decision, which has also
been hypothesized in yeast (Simchen, 2009).
The Relation between the Cell Cycle and Embryonic
Gene Activation
Unexpectedly, CYE-1-dependent re-entry intomitosis is accom-
panied by embryonic-like transcription. Because depletion of
CDT-1 prevents proliferation but not accumulation of embryonic
transcripts, EGA appears to be triggered by re-entry into mitosis,
rather than subsequent proliferation in the tumor.
How does reactivation of mitosis result in a precocious EGA?
Because cyclin E/Cdk2-mediated phosphorylation is known to
regulate, among other targets, transcription factors (Hwang and
Clurman, 2005), it is possible that CYE-1/CDK-2 might drive
embryonic transcription directly by activating a transcription
factor involved in EGA. Alternatively, EGA may be induced by
a cell cycle event that, at least in the mutant germ line, depends
onaprior activationofCYE-1/CDK-2.Whiledifferentmechanisms
have been implicated in controlling EGA in different models,
including repression of basic transcription factors (Guven-Ozkan
et al., 2008), degradation ofmaternalmRNAs (Tadros et al., 2007),
and induction of gene expression by a sequence-specific tran-
scription factor (Liang et al., 2008), the precise mechanisms aretal Cell 17, 355–364, September 15, 2009 ª2009 Elsevier Inc. 361
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some embryonic genes in the murine embryo is thought to
depend on the maternally provided cyclin A2 (Hara et al., 2005).
Thus, the connection between the cell cycle and a precocious
EGA in the mutant germ line may reflect the normal role of the
cell cycle machinery in inducing EGA in the wild-type embryo.
Cell Cycle (De)regulation and Teratoma Formation
Our findings suggest that GLD-1-mediated inhibition of re-entry
into mitosis is critical to prevent teratomatous differentiation in
the worm germ line.Whether a GLD-1-related protein, or another
RNA-binding protein, plays a role similar to GLD-1 in the
mammalian germ line is not known. In a mouse model for testic-
ular teratoma, the 129 family of inbred strains, loss of the RNA-
binding protein DND1 dramatically increases teratoma incidence
(Youngren et al., 2005). Interestingly, DND1 has been demon-
strated to stabilize and promote expression of the p27Kip1
mRNA that encodes a CDK-2 kinase inhibitor (Kedde et al.,
2007). Thus, DND1() germ cells are expected to have low levels
of p27Kip1 and higher CDK-2 activity. Therefore, it is tempting to
speculate that derepression of CDK-2 activity may also induce
proliferation, EGA, and consequently teratomatous differentia-
tion in the mammalian germ line.
EXPERIMENTAL PROCEDURES
Nematode Culture
Standard procedures were used to maintain the N2 strain of C. elegans. Typi-
cally, worms grown at 20C were bleached to collect eggs, the larvae were
synchronized by starvation (on plates), and allowed to feed at 25C, unless
indicated otherwise. In RNAi experiments, bacterial strains from Open Biosys-
tem (cye-1, cdt-1) and Ahringer (cdk-2) libraries were used. The gld-1 dsRNA-
expressing vector was generated in this study and contains the sequence
corresponding to aa 131–305 of GLD-1 (WormBase release 156). In all RNAi
experiments, mock-treated animals were fed bacteria harboring empty vector
(derived from p129.36). For cye-1 or cdk-2 RNAi, larvae were transferred to
RNAi feeding plates as L2; we used RNAi rather than mutations because
CYE-1 is required for germ line proliferation (Fay and Han, 2000). For cdt-1
RNAi, larvae were transferred to RNAi feeding plates directly after synchroni-
zation. For gld-1 RNAi, larvae were transferred to RNAi feeding plates as L4s,
and worms were cultured at all stages at 20C. To allow the initial germ line
proliferation and entry into meiosis in the gld-1(q485); cdk-1(ne2254ts) strain,
worms were initially cultured at 20C and shifted to 25C as L4s. In all exper-
iments, gonads were examined at indicated ages after the L4/adult molt.
Because in the fem-1(hc17ts) background the loss of one copy of the gld-1
gene results in germ line feminization, all strains containing gld-1 and fem-1
mutations were propagated by mating with isogenic males.
Mutant Strains
The following strains were described previously: gld-1(q485)/hT2[qIs48], gld-
1(q485)/hT2[qIs48]; fem-1(hc17ts) (Ciosk et al., 2006), and gld-1(q485); ozIs2
[gld-1::gfp::flag] (Schumacher et al., 2005). The gld-1(q485)/hT2[qIs48]; fem-
1(hc17ts); ojIs1[tbb-2::GFP] strain generated in this study was derived from
the strains gld-1(q485)/hT2[qIs48]; fem-1(hc17ts) and unc-119(ed3) ruIs32
[pie-1::GFP::his-11] III; ojIs1[tbb-2::GFP] (CGC TY3558). The gld-1(q485)/
hT2[qIs48]; fem-1(hc17ts); ojIs1[tbb-2::GFP] and cdk-1(ne2257ts) (Shirayama
et al., 2006) strains were used to generate the gld-1(q485); cdk-1(ne2254ts)/
hT2[qIs48]; fem-1(hc17ts); ojIs1[tbb-2::GFP] strain. We noticed that the frac-
tion of condensed chromosomes in gld-1; fem-1 gonads is lower in the strain
additionally carrying ojIs1, which suggests that either the GFP tag and/or the
higher b-tubulin levels delay the cell cycle.
Transgenic Constructs and Strains
For the 30UTR reporter studies, most sequences were generously provided by
Geraldine Seydoux (Merritt et al., 2008). The cye-1 30UTR used in this study362 Developmental Cell 17, 355–364, September 15, 2009 ª2009 Ewas determined by 30RACE and sequencing. To analyze the effect of cye-1
30UTR on GFP::H2B expression, we cloned the cye-1 30UTR (517 bp; Gene-
bank U97194, 9439–9955 bp) plus an additional 80 bp of the downstream
genomic sequence. Standard techniques were applied to mutate GLD-1
consensus binding sites at positions 46–51 (S1mt) and to delete nucleotides
283–348 (DS2-3). Microparticle bombardment was used to produce trans-
genic worms. We obtained the following numbers of stable transgenic lines
(lines in which all worms expressed GFP in the germ line): pie-1::GFP::
H2B::tbb-2 (1), pie-1::GFP::H2B::cye-1 (6), pie-1::GFP::H2B::cye-1 S1mt+
DS2-3 (1). In addition, we generated several transiently expressing lines (in
which either some but not all worms had germline expression or germline
expression became silenced over time): pie-1::GFP::H2B::cye-1 (4), pie-1::
GFP::H2B::cye-1S1mt+DS2-3 (8). Both stable and transiently expressingpie-1::
GFP::H2B::cye-1 lines expressed GFP only in the distal and proximal, but not
medial, germ line. Among the transiently expressing pie-1::GFP::H2B::cye-1
S1mt+DS2-3 lines, 4/8 showed GFP expression throughout the germ line,
similar to the stable line, while the remaining lines had either lower or no
GFP expression in the distal-most region. Although we cannot explain this
expression pattern at this time, once expressed, the GFP intensity gradually
increases through the medial gonad, thus showing no evidence of repression.
GLD-1 Immunoprecipitation, Western Blotting, and Coprecipitated
RNA Isolation
gld-1(q485); ozIs2 [gld-1::gfp::flag] or wild-type (N2) wormswere synchronized
and harvested as young adults. Antibodies used for immunoprecipitation—
mouse anti-GFP (Roche), mouse anti-FLAG M2 (Sigma), or mouse anti-Myc
(9E10)—were prebound to protein A sepharose CL-4B (GE Healthcare Bio-
Sciences) in extraction buffer (50 mM HEPES [pH 7.4], 100 mM KOAc, 5 mM
MgAc, 0.1% Triton X-100, 10% Glycerol [w/v], 20 mM b-glycerophosphate,
3mgml1 complete EDTA-free protease inhibitor cocktail [Roche]). For protein
extraction, the buffer was supplemented with 2 mM DTT, Pepstatin A, 1 mM
Phenylmethyl sulfonylfluoride, 200 units ml1 RNAsin (Promega), and the
concentration of the protease inhibitor cocktail was increased to 7 mg ml1.
Worms were homogenized with Dounce homogenizer. 700 mg of a precleared
extract (input) was subjected to immunoprecipitation. The immunoprecipitates
were washed three times with extraction buffer.
For each western blot, total protein (corresponding to approximately 7% of
input) was loaded into the ‘‘TE’’ lane, and the equivalent volume (after anti-
body-depletion) into the ‘‘DE’’ lane. To obtain IP samples, beads were heated
in sample buffer, and one-half of IP (corresponding to approximately 50% of
input) was loaded into ‘‘IP’’ lane. For protein detection, we used mouse anti-
GFP (Roche), mouse anti-actin (Chemicon), and the horseradish peroxidase
conjugated sheep anti-mouse (GE Healthcare) antibodies.
RNA was extracted from beads using TRIzol (Invitrogen). Precipitation effi-
ciency was enhanced by addition of 10 mg total RNA from mouse brain (Stra-
tagene) to each sample.
RT-PCR Quantification of Coimmunoprecipitated mRNAs
cDNAs were generated using random hexamers with the Superscript III
reverse transcriptase system (Invitrogen) from 1/4th of each IP and 2.5 mg of
each input. Real-time PCR was performed in duplicate upon 1/20th of ob-
tained IP cDNA using Absolute QPCR SYBR green ROX mix (AbGene) on an
ABI PRISM 7700 system (Applied Biosystems). PCR reactions were performed
with an initial activation step of 15 min at 95C, then 40 cycles of 20 s at 95C
and 60 s at 60C. Standard curves for quantification were generated from
a serial dilution of input cDNA for each primer pair. The amount of target
present in each IPwas derived from the standard curve; an average was calcu-
lated for the duplicates and then corrected by the corresponding input value.
The fold enrichment in each GLD-1 IP was calculated relative to the control IP.
At least one primer in each pair (except cya-2) is specific for an exon-exon
junction. Primer sequences are available upon request.
Quantification of Embryonic mRNAs in Dissected Gonads
RNA was extracted from 50 gonads per strain using the Picopure RNA Isola-
tion Kit (Arcturus). Two independent RT reactions were performed with oligo
dT and the ImProm II Reverse transcription system (Promega) using 40 ng of
isolated RNA. 1/12th of the subsequent cDNA was used for a quantitative
PCR, performed as described in the previous section. Standard curves forlsevier Inc.
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embryos and were used to determine the amount of each transcript in the
gonads. All duplicate values were first averaged, and then values for a partic-
ular transcript were normalized by the mean of either the mock RNAi or cdt-1
RNAi values from 1.5-day-old animals. Error bars show the SEM for at least
three biological replicates. Primer sequences are available upon request.
Biotin-RNA Pull-Down
The assay was performed essentially as described (Lee and Schedl, 2001),
with the following change: biotinylated RNA probes were generated from
PCR-amplified and gel-purified DNA templates containing the T7 consensus
sequence in one DNA strand. 400 ng of biotinylated cye-1 RNA was added
to the worm extract. Shorter cye-1 fragments and deletion mutants were
added at equimolar amounts. The cye-1 30UTR fragments F1–F4 correspond
to the following sequences: F1, nucleotides 1–166; F2, 117–283; F3, 235–
399; and F4, 350–514, where 1 is the first nucleotide after the stop codon.
Putative GLD-1-binding elements in the cye-1 30UTR are as follows: in the
F1 fragment, S1 (UACUUA); in the F3 fragment, S2 (CAAUUA or AACUUA)
and S3 (UACUCA). In the S1mtmutation, the sequence UACUUAwasmutated
to CGUCUC.
Immunolocalization
Primary antibodies are referenced in the main text. Secondary antibodies were
goat anti-mouse alexa-568, anti-rabbit alexa-568, and anti-rabbit alexa-488
(Molecular Probes). In most experiments, gonads were prepared essentially
as described previously (Ciosk et al., 2004). For HIM-3 staining, gonads
were dissected in phosphate-buffered saline (PBS), frozen on dry ice, fixed
first in 100%methanol (20C) for 5 min, and then in 3.7% paraformaldehyde,
PBS, 0.08 M HEPES, 1.6 mMMgSO4, 0.8 mM EGTA (pH 6.9) at room temper-
ature (RT) for 5 min. Fluorescence and DIC images were captured with a Zeiss
ImagerZ1 microscope equipped with an AxiocamMRm (Zeiss). Images in
Figures 2B and 3A–3D were acquired and deconvolved with the Delta Vision
Core System (Applied Precision). Imaris 6.1.3 (Bitplane) was used to create
the maximum intensity projection in Figures 3D and 6A and Figures S2A and
S4A. Unless indicated otherwise, images were acquired with the same expo-
sure and processed in Adobe Photoshop CS2 in an identical manner. Because
expression of the transgenic b-tubulin::GFP and GFP::H2B is somewhat vari-
able, the images in Figures 2B, 3A–3C, and 5D–5Fwere individually adjusted to
a similar intensity. As SPD-2 staining in the gld-1; fem-1 nuclei with the
condensed chromosomes was much stronger than in the other nuclei, the
SPD-2 signal in the middle panel of Figure 3D was adjusted separately from
the other two panels.
To determine total numbers of cells in the central gld-1; cye-1(RNAi); fem-1
and gld-1; cdt-1(RNAi); fem-1 gonads, DAPI-stained nuclei were counted
within a 80 mm-long fragment of a central gonad, and the value was multiplied
by the total length of the central gonad/80 mm.
BrdU Incorporation and Labeling
BrdU (Sigma, 50 mM in water) was mixed 2:1 with M9 buffer. Worms were
soaked in the BrdU solution for 1 hr at RT, protected from light. Gonads
were dissected, frozen on dry ice, incubated in methanol (20C) for 1 hr,
and washed in PBS with 0.1% Triton X-100 for 15 min. DNA was denatured
by incubation in HCl (2 M) for 45 min at RT, and neutralized in 0.1 M borax
(Merck) for 10 min. The staining procedure, using anti-BrdU antibody (Sigma),
was performed as described above.
RNA In Situ Hybridization
The vet-4 RNA hybridizations were performed as described by Broitman-
Maduro and Maduro (http://www.faculty.ucr.edu/mmaduro/resources.
htm). The probes corresponded to the nucleotides 385–929 of vet-4. For
cye-1 RNA hybridization, dissected gonads were fixed in 0.25% glutaralde-
hyde, 3% formaldehyde, 100 mM K2HPO4 (pH 7.2) and hybridized as
described (Jones et al., 1996; Lee and Schedl, 2001). The probes corre-
sponded to the nucleotides 151–550 of cye-1. A Zeiss AxioImager Z1 micro-
scope equipped with AxioncamMRmREV 2 CCD camera was used to capture
images. All images were processed with Adobe Photoshop 7.0 or CS2 in an
identical manner.DevelopmeSUPPLEMENTAL DATA
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